INTRODUCTION
============

Monoclonal antibodies have become a major source of therapeutics to treat a variety of clinical indications ([@R1]--[@R3]). Mouse immunization and phage display technologies using large antibody sequence diversity have been developed and routinely used to select antibodies with high affinity and specificity ([@R4]). Antibody generation by mouse hybridoma technology typically starts with immunizing mice with peptides or proteins a few times, followed by extracting spleen cells from responsive animals to generate hybridomas by cell fusion. The hybridoma cells secreting antibodies with desired functions will be selected. In contrast, phage display technology enriches and selects hits from large preconstructed antibody phage display libraries by rounds of panning against the target antigen in vitro. Both methods are usually effective in identification of antibody binders with high affinities. However, therapeutic antibodies often require binding to a specific epitope in an antigen to exert their functions, e.g., blocking a ligand-receptor interaction, eliciting agonistic activities on receptors, and recruiting two proteins to form a complex ([@R5]). This epitope dependence exerts a great challenge to the current selection methods. Typically, one has to screen hundreds of hits from phage panning or hybridoma clones generated from mouse immunization to hopefully identify the antibodies binding to the desired epitopes ([@R6], [@R7]). Unfortunately, the epitopes on antigens are not equal in eliciting antibody responses. Antibodies produced from mouse immunization of a whole antigen are usually enriched to immune-dominant B cell epitopes, often diminishing the odds of identifying antibodies binding the desired epitopes with low response ([@R8], [@R9]). In addition, antibodies from immunization of the linear peptide containing the epitope sequence may not bind to the conformational epitope. Phage library panning technology faces a similar epitope bias issue, because its selection relies on binding affinities. Antibody clones with high affinity dominate the selection pool after rounds of enrichment, which limits both the diversity of antibody sequences identified and the corresponding binding epitopes. Those hits with low to medium affinities are very likely masked by the strong binders and are therefore difficult to be selected and usually lost during hit picking. Retaining more sequence diversity in the early stage is particularly important for development of therapeutic antibodies because affinity is only one of many criteria (physiochemical properties, stability, pharmacokinetics, immunogenicity, etc.) for selection of drug candidates. One can intentionally decrease selection stringency to save those "weak hits." However, it would require further screening and optimizing a large number of hits, which is not efficient if most of those hits do not bind to the target epitopes. Despite great progress in antibody discovery technology development, there is still no simple solution to identify the hits binding to specifically targeted conformational epitopes.

The noncanonical amino acids (ncAAs) *p*-benzoyl-[l]{.smallcaps}-phenylalanine (pBpa) and *p*-azido-[l]{.smallcaps}-phenylalanine (pAzF) have been incorporated into proteins by genetic codon expansion method and have been shown to covalently cross-link proteins of proximity upon ultraviolet (UV) irradiation ([@R10]--[@R13]). Here, we took advantage of this reactivity and developed a method that allows us to easily select antibodies binding to specific conformational epitopes of antigens by cross-linking bound antibodies from a library to site-specific incorporated pBpa on the target antigen epitope.

RESULTS
=======

Incorporation of an ncAA with photocrosslinking reactivity in the target epitope
--------------------------------------------------------------------------------

Interleukin-1β (IL-1β) is an important cytokine that mediates inflammatory responses and a variety of physiological activities. Canakinumab is a monoclonal antibody blocking the interaction of human IL-1β with IL-1 receptor (IL-1R) and was approved by the U.S. Food and Drug Administration to use in clinic. On the basis of the crystal structure of the canakinumab--IL-1β complex \[Protein Data Bank (PDB): 4G6J\], the antigen epitope that canakinumab binds includes Ser^21^, Glu^25^, Lys^27^, Glu^64^, Lys^65^, Asn^66^, and Asn^129^ ([@R14]). Among these, residues Glu^64^, Lys^65^, and Asn^66^ are in a flexible loop and form extensive interactions with CDR3 of V~H~ and CDR1 and CDR3 of V~L~ (fig. S1A). Another neutralizing antibody, gevokizumab, not only binds to a distinct epitope (PDB: 4G6M) but also could block the interaction between IL-1β and IL-1R and IL-1R accessory protein (IL-1RAcP) (fig. S1B) ([@R14], [@R15]). We selected IL-1β as the initial target and residues 63 to 66 as the target epitope to develop and validate the new selection method. Residues Ala^2^ and Leu^7^ of the antigen are greater than 13 Å away from loop 63--66 and do not form any direct interactions with canakinumab or gevokizumab and were therefore selected as negative controls of the undesired binding site (fig. S1).

A *Methanocaldococcus jannaschii* (Mj) tyrosyl--transfer RNA synthetase (MjTyrRS) mutant and MjtRNA~CUA~ pair was previously evolved to efficiently suppress nonsense codon TAG in *Escherichia coli* by ncAA pBpa ([@R16]--[@R21]) and site-specifically incorporate pBpa into multiple proteins ([@R13]). pBpa can be activated to form covalently cross-linked product with proteins upon exposure to UV irradiation ([Fig. 1A](#F1){ref-type="fig"}) ([@R22], [@R23]). The plasmid encoding the IL-1β mutant gene with a permissive amber codon at 63, 64, 65, 66, 2, or 7 was generated (designated as 63pBpa, 64pBpa, 65pBpa, 66pBpa, 2pBpa, or 7pBpa, respectively). The plasmid was cotransformed into *E. coli* BL21 (DE3) along with the pBpaRS (containing mutations Y32G, V103L, E107P, D158T, and I159S in the context of MjTyrRS-tRNA~CUA~ pair) encoded on a pEVOL vector ([@R24]). Only cells containing double plasmids expressed full-length protein in the presence of the pBpa, which were purified by nickel--nitrilotriacetic acid (Ni-NTA) chromatography, followed by size exclusion chromatography (SEC). Yields ranged from 8 to 43 mg/liter in 2× YT medium in the presence of 1 mM pBpa (fig. S2). Proteins were analyzed by SDS--polyacrylamide gel electrophoresis (PAGE) ([Fig. 1B](#F1){ref-type="fig"}) and electrospray ionization mass spectrometry (ESI-MS; fig. S3, A to G) to confirm the incorporation of pBpa. IL-1β wild-type (WT) and mutant proteins migrated as a single band at \~19 kDa on an SDS-PAGE gel and exhibited the expected mass that is consistent with its amino acid sequence; no background incorporation in the absence of pBpa was observed (fig. S2A).

![Incorporation of pBpa in IL-1β and its reactivity with IL-1β binding antibodies.\
(**A**) Photocrosslinking chemistry scheme of pBpa. pBpa is activated to form cross-linked product upon exposure to UV irradiation. (**B**) SDS-PAGE of purified IL-1β WT and pBpa mutants. IL-1β WT and pBpa mutants can be readily overexpressed and purified by Ni-NTA plus SEC. (**C**) IL-1β--pBpa mutants cross-linked with canakinumab after treatment or nontreatment by UV irradiation. Mutants 63pBpa, 64pBpa, and 66pBpa formed covalently linked products with canakinumab light chain, while 2pBpa and 7pBpa (distal from the binding interface) did not. Western blot of IL-1β-pBpa mutants incubated with canakinumab or gevokizumab in the presence and absence of UV irradiation using anti-human κ light chain horseradish peroxidase (HRP; Invitrogen, 42-60-050214) (detecting canakinumab or gevokizumab) and exposed with enhanced chemiluminescence (ECL; Thermo Fisher Scientific, 35055).](aaz7825-F1){#F1}

pBpa incorporated epitope can cross-link with antibodies bound in proximity after UV irradiation
------------------------------------------------------------------------------------------------

We first examined the binding affinity of canakinumab to the IL-1β WT and the pBpa incorporated mutants. Among these mutants, 65pBpa lost its binding with canakinumab, suggesting that Lys^65^ of IL-1β forms critical interactions with the antibody or the side chain of 65pBpa generates unfavorable interactions with the antibody. The incorporation of pBpa at position 63, 64, 66, 2, or 7, however, did not affect the binding to canakinumab (figs. S4 and S5A). In comparison, gevokizumab, targeting a distinct epitope, bound to WT and all mutants indifferently (figs. S4 and S5B). Therefore, gevokizumab can be used as an off-target epitope control for the following study. Next, we evaluated the UV cross-linking activity of pBpa in the context of IL-1β mutants 63pBpa, 64pBpa, 66pBpa, 2pBpa, or 7pBpa. These mutants and WT IL-1β (0.5 mg/ml) were incubated with canakinumab (1 mg/ml) and exposed to UV (6 W, 365 nm) for up to 10 hours according to the method used in cross-linking studies of other proteins ([@R25]). The SDS-PAGE and Western blot results showed that mutants 63pBpa, 64pBpa, and 66pBpa formed covalently linked products with canakinumab light chain, while 2pBpa and 7pBpa (distal from the binding interface) did not ([Fig. 1C](#F1){ref-type="fig"} and fig. S6A). MS data also support these results (fig. S7), which confirmed that pBpa in IL-1β can cross-link with a binding antibody in proximity under UV irradiation. As expected, there was no cross-linking with gevokizumab, which binds to a distinct site (more than 13 Å away from loop 63--66) under the same conditions ([Fig. 1C](#F1){ref-type="fig"} and figs. S1 and S6B). This indicates that only when the distance is close enough (3 to 5 Å), the cross-linking between the antibody and pBpa in IL-1β can occur efficiently upon UV irradiation (fig. S8) ([@R26]). We selected 64pBpa, which showed the best cross-linking efficiency among mutants 63-66pBpa and 63pBpa (pBpa in its adjacent residue) for the following library selection experiments.

Epitope-directed selection against a human naïve antibody phage library
-----------------------------------------------------------------------

We previously built a multivalent single-chain Fv (scFv)--pIII phage display library using B cells from human peripheral blood mononuclear cells according to published methods (Supplementary Text) ([@R27], [@R28]). This library has an antibody sequence diversity of \~10^9^. An input of 10^10^ plaque-forming units (PFU) of phages was incubated for 4 hours with 63pBpa and 64pBpa that were precoated and blocked on plates, followed by 15-min UV irradiation (6 W, 365 nm). After three rounds of competitive washes \[Dulbecco's phosphate-buffered saline (DPBS), 0.05% Tween 20, pH 7.4, plus WT IL-1β (0.1 mg/ml)\], three rounds of low-pH washes (300 mM NaCl, 3% Tween 20, 100 mM glycine, pH 2.0) to remove noncovalently bound phages, and three rounds of PBS washes to neutralize pH, the covalently cross-linked phages were eluted by trypsin digestion ([Fig. 2](#F2){ref-type="fig"}). The output phage pool was harvested and reinfected *E. coli* XL1-Blue for counting colony-forming units (CFU) and hit picking. As expected, the output CFUs from panning of both mutants are low. Nevertheless, compared to the group without UV irradiation (designated as non-UV), the output CFU is three to four times higher, suggesting that a substantial portion of the output phage pool was covalently cross-linked with 63pBpa or 64pBpa ([Table 1](#T1){ref-type="table"} and table S1). In contrast, panning against WT IL-1β using the same phage library and the same method exhibited a UV/non-UV output ratio of 1.2, indicating that no significant cross-linking happened without incorporated pBpa. In addition, monoclonal phages displaying the scFv of canakinumab and gevokizumab were generated and selected following the same protocol, respectively. The canakinumab-scFv phages exhibited a UV/non-UV output ratio of 3.8. In contrast, the gevokizumab-scFv phages exhibited a ratio of 1.1, indicating no significant number of phages cross-linked with IL-1β because it binds an epitope distant from where pBpa was incorporated.

![Strategy of epitope-directed panning against phage display library.\
An input of 10^10^ PFU of phages was incubated for 4 hours with an antigen that was precoated and blocked on plates, followed by 15-min UV irradiation (6 W, 365 nm) (in the absence of UV as a negative control, designated as non-UV). After three rounds of competitive washes \[PBS, 0.05% Tween 20, pH 7.4, plus WT protein (0.1 mg/ml)\], three rounds of low-pH washes (300 mM NaCl, 3% Tween 20, 100 mM glycine, pH 2.0) to remove noncovalently bound phages, and three rounds of PBS washes to neutralize pH, the covalently cross-linked phages were eluted by trypsin digestion. The output phage pool was harvested and reinfected *E. coli* XL1-Blue for counting CFU and hit picking. The selected hits were sequenced and used to produce monoclonal phages for downstream analysis. This panning process can be repeated if further enrichment is necessary.](aaz7825-F2){#F2}

###### UV/non-UV output ratio of hit pools from panning a human naïve antibody phage library against 63pBpa and 64pBpa.

The *P* value of pBpa mutant group versus negative antigen control and positive phage control group versus negative phage control group. \**P* \< 0.05. The statistical analysis was based on the UV/non-UV output ratios listed here and in table S1, which are from two independent repeats.

  -----------------------------------------------------------------------
  **Sample**       **UV output**\   **Non-UV**\        **UV/non-UV**\
                   **(CFU)**        **output (CFU)**   **output ratio**
  ---------------- ---------------- ------------------ ------------------
  Hit pool from\   268              86                 3.1\*
  panning\                                             
  against\                                             
  64pBpa                                               

  Hit pool from\   981              261                3.7\*
  panning\                                             
  against\                                             
  63pBpa                                               

  Canakinumab-\    6400             1696               3.8\*
  scFv phage\                                          
  against\                                             
  63pBpa\                                              
  (positive\                                           
  phage\                                               
  control)                                             

  Gevokizumab-\    8650             7900               1.1
  scFv phage\                                          
  against\                                             
  63pBpa\                                              
  (negative\                                           
  phage\                                               
  control)                                             

  Hit pool from\   776              648                1.2
  panning\                                             
  against WT\                                          
  IL-1β\                                               
  (negative\                                           
  antigen\                                             
  control)                                             
  -----------------------------------------------------------------------

Hit picking and analysis
------------------------

We randomly picked 55 colonies from the hit pool of 63pBpa or 64pBpa and analyzed their sequences. The sequences are diverse with low homology (fig. S9). We selected 15 (7 and 8 from the hit pool of 63pBpa and 64pBpa, respectively) distinct sequences to generate monoclonal phages. The binding affinities of these phages to WT IL-1β and mutant 63pBpa or 64pBpa were analyzed by enzyme-linked immunosorbent assay (ELISA). As shown in [Fig. 3 (A and B)](#F3){ref-type="fig"}, more than half of phages from selection on 63pBpa or 64pBpa were cross-reactive with WT, although some of them showed reduced affinities. Two monoclonal phages with significant affinities to both WT IL-1β and 63pBpa or 64pBpa, respectively, were picked (designated as 63UV7 and 64UV63) and then incubated with 63pBpa or 64pBpa and processed with the panning procedure. After elution, the output CFUs of UV- and non--UV-treated groups were counted and compared. The CFU of UV-treated group is four to six fold higher than the non--UV-treated group (table S2), demonstrating that these monoclonal phages bind to the desired epitope and could cross-link with 64pBpa or 63pBpa upon UV irradiation. As a control, these phages did not show much difference on the CFUs between UV- and non--UV-treated groups against WT IL-1β (table S2). In addition, we generated Lys^63^Ala, Glu^64^Ala, Lys^65^Ala, and Asn^66^Ala single mutants and a Lys^63^Ala-Asn^66^Ala quadruple mutant of IL-1β (fig. S10). Phages 64UV63 and 63UV7 showed significantly lower affinities to some of these alanine mutants compared to the WT, 63pBpa, or 64pBpa, demonstrating that they bind to the targeted epitope ([Fig. 3C](#F3){ref-type="fig"} and fig. S11). Next, we generated scFv-Fc fusion proteins and measured the binding affinities of these antibodies to the corresponding antigens by Biacore, which is consistent with the results from phage ELISA (fig. S12).

![Binding of monoclonal phage hits on WT and mutant IL-1β.\
ELISA of phage hits from panning pool of 64pBpa (**A**) and 63pBpa (**B**). The *P* value of WT or pBpa mutant groups versus bovine serum albumin (BSA) group. Among the 15 selected monoclonal phages from the phage pool by panning against 63pBpa and 64pBpa, more than half were cross-reactive with WT. (**C**) ELISA of phage hits 64UV63 and 63UV7 from panning against 64pBpa and 63pBpa, respectively. The bound phages were detected and quantified by adding anti-M13 HRP (GE Healthcare, 27-9421-01) and exposed with trimethylboron (TMB; Invitrogen, 002023). The *P* value of alanine mutant groups versus WT group. Phages 64UV63 and 63UV7 showed significantly lower affinities to the alanine mutants compared to the WT, 63pBpa, or 64pBpa, demonstrating that they bind to the target epitope. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, ^ns^*P* ≥ 0.05.](aaz7825-F3){#F3}

Epitope-directed selection against an antibody phage library from mouse immunization
------------------------------------------------------------------------------------

Because mouse immunization is a popular approach to generate antibodies with high affinity and selectivity against an antigen, we applied the epitope-directed antibody selection method to the phage library produced from mouse immunization approaches. Mice were immunized with WT IL-1β for three times using a routine protocol ([@R28]). Once the antibody titer in serum was confirmed, their spleens were collected and used to generate phage display libraries ([@R27], [@R28]). These libraries were then used for epitope-directed panning using a similar method described in the above sections, except that two rounds of panning were applied against 64pBpa to further enrich the hits. The output CFUs from the UV-treated group are about five to nine times higher than those of the non--UV-treated group ([Table 2](#T2){ref-type="table"} and table S3). In contrast, the UV/non-UV ratios of the hit pool and the selected hits are all around 1 when WT IL-1β was used as the antigen (table S4).

###### UV/non-UV output ratio of the hit pool and monoclonal phages from panning an antibody phage library (generated by mouse immunization) against 64pBpa.

The *P* value of pBpa mutant group versus negative antigen control group (in table S4). \**P* \< 0.05, ^ns^*P* ≥ 0.05. The statistical analysis was based on the UV/non-UV output ratios listed here and in tables S3 and S4, which are from two independent repeats.

  -----------------------------------------------------------------------
  **Sample**       **UV output**\   **Non-UV**\        **UV/non-UV**\
                   **(CFU)**        **output (CFU)**   **output ratio**
  ---------------- ---------------- ------------------ ------------------
  Hit pool from\   3500             380                9.2\*
  panning\                                             
  against\                                             
  64pBpa                                               

  i64UV9 phage     7500             1400               5.4\*

  i64UV120 phage   6600             1900               3.5\*

  i64UV5 phage     296              312                0.9^ns^

  i64UV40 phage    7900             7400               1.1^ns^

  i64UV104 phage   1300             980                1.3^ns^

  i64UV110 phage   1240             1020               1.2^ns^
  -----------------------------------------------------------------------

We randomly picked 47 colonies from the hit pool and analyzed their sequences. Seven sequence families were identified on the basis of homology (fig. S13). We selected one representative clone from each family and produced monoclonal phages (except for one clone that yielded very low phage titer after production). We then examined the output CFUs of these selected phages after one round of panning with or without UV irradiation. As shown in [Table 2](#T2){ref-type="table"} and table S3, two of the six selected monoclonal phages exhibited a UV/non-UV ratio larger than 3 against 64pBpa, demonstrating their ability to cross-link with the target epitope. As a control, these phages did not show significant difference on the CFUs between UV and non-UV groups against WT IL-1β (table S4).

Epitope-directed selection of hC5a-specific antibodies showing the versatility of the method
--------------------------------------------------------------------------------------------

Together, we have established a method to allow facilely selecting antibody clones with high sequence diversity binding to a specific epitope in IL-1β from phage display libraries. As therapeutic antibodies often require binding to a specific epitope in an antigen to exert their functions, this method could potentially facilitate antibody drug development. To demonstrate the versatility of this method on other therapeutic targets, we applied it to another antigen, human complement 5a (hC5a) ([@R29]--[@R31]). hC5a is a potential target for therapeutics to treat multiple diseases and syndromes such as anti-neutrophil cytoplasmic antibody--associated vasculitis, atypical hemolytic uremic syndrome, systemic lupus erythematosus, rheumatoid arthritis, and ischemia/reperfusion injury ([@R32]). To develop a therapeutic antibody targeting hC5a, it is desirable to not only efficiently block the binding of hC5a to C5a receptor (C5aR) but also be highly selective to hC5a versus hC5. By analyzing the crystal structures of human C5a (PDB: 3HQA) and C5 (PDB: 3CU7), we identified an epitope (Ser^16^, Val^17^, Val^18^, Lys^19^, and Lys^20^), which is involved for the interaction with C5aR ([@R33], [@R34]), but is buried inside the surface of hC5 (fig. S14). Therefore, antibodies binding to this epitope of hC5a are less likely to bind to hC5. Moreover, the sequence of this epitope is highly conserved between human, monkey, and rodent, which suggests that antibodies binding to this epitope are very likely cross-reactive among species (fig. S15).

We generated and characterized a Val^18^pBpa mutant of hC5a (designated as 18pBpa) (figs. S3, H and I, and S16) and used it for epitope-directed antibody selection. We performed panning against phage display libraries generated from spleens of mice immunized with hC5a. Following the selection procedure described above, after two rounds of panning against 18pBpa, the UV/non-UV output ratio was larger than 13, suggesting that a significant portion of the output phage pool was covalently cross-linked with the antigen (table S5). We selected 25 colonies from the hit pool and analyzed the sequences. Sequences with correct scFv sequence assemblies were clustered on the basis of homology (fig. S17). Hit hC5a-35 was selected from the cluster with the most abundant homologous sequences. Although it only showed modest affinities to hC5a and low affinity to 18pBpa, its UV/non-UV output CFU ratio is larger than 3 ([Fig. 4A](#F4){ref-type="fig"}). After affinity maturation on WT hC5a using a secondary phage library generated by random mutagenesis (Supplementary Text), a strong binder hC5a-35-E02 phage (E02) was identified with high affinity to hC5a and significantly increased UV/non-UV output ratio of 8.6 ([Fig. 4, B and C](#F4){ref-type="fig"}). We generated Val^18^Ala and Lys^19^Ala single mutants and a Val^18^Ala-Lys^19^Ala double mutant of hC5a (fig. S18). E02 showed significantly lower affinities to these alanine mutants compared to the WT hC5a, demonstrating that it binds to the target epitope ([Fig. 4B](#F4){ref-type="fig"}). As expected, E02 showed much lower affinity to hC5 (fig. S19A) but similar binding affinity to mouse complement 5a (mC5a) (fig. S20A). Next, we generated an E02-scFv-Fc fusion protein (fig. S21) and measured its binding affinities to hC5a, Val^18^Ala, Lys^19^Ala, Val^18^Ala-Lys^19^Ala, hC5, and mC5a. The binding affinity profile corresponds to the results of E02 phages ([Fig. 4D](#F4){ref-type="fig"} and figs. S19B, S20B, and S22). Western blot results also demonstrated that 18pBpa formed a covalently linked product with E02-scFv-Fc fusion protein, while WT hC5a did not ([Fig. 4E](#F4){ref-type="fig"}).

![Selection of hC5a-specific neutralizing antibodies.\
(**A**) ELISA of phage hC5a-35 on WT hC5a and 18pBpa. The *P* value of group WT or 18pBpa group versus BSA group, \**P* \< 0.05. (**B**) ELISA of phage E02 on alanine mutants compared to WT hC5a. The *P* value of WT group versus alanine mutant groups or BSA group, \**P* \< 0.05. E02 showed significantly lower affinities to the alanine mutants compared to the WT hC5a, demonstrating that it binds to the target epitope. (**C**) UV/non-UV output ratio of phages hC5a-35 and E02 against 18pBpa. hC5a-35-E02 phage was identified with high affinity to hC5a and significantly increased UV/non-UV output ratio of 8.6. (**D**) E02-scFv-Fc binding profile on hC5 and alanine mutants. Consistent with the phage binding profile, E02-scFv-Fc showed significantly lower affinities to the alanine mutants compared to the WT hC5a, demonstrating that it binds to the target epitope. (**E**) Western blot results showed E02-scFv-Fc covalently bound to 18pBpa. Western blot detecting antigen, antibody, and cross-linked product for WT versus 18pBpa in the presence or absence of UV using anti-His to detect hC5a (left) and anti-human Fc HRP (SeraCare, 5220-0279) to detect antibody (right). Cross-linked products were labeled.](aaz7825-F4){#F4}

DISCUSSION
==========

We developed an approach for facile selection and identification of antibodies binding to a specific epitope of an antigen. The foundation of this method is site-specific incorporation of an ncAA with photocrosslinking reactivity in or near the epitope of interest by genetic code expansion. The mutant antigen is then used for panning against antibody phagemid display libraries produced from B cell repertoires of different sources. The conventional phage selection method relies on the affinities of antibody-displayed phages to the whole antigen. After rounds of panning, those clones with high affinities are enriched and identified by sequencing. In contrast, in our approach, the antigen incorporated with a photocrosslinker could form a covalent bond with antibody-displayed phages that bind to the target epitope after UV irradiation. Those phages binding to the nontargeted epitopes could not cross-link with the antigen and are eliminated during stringent washing steps. Thus, only the phages binding to the target epitope are enriched and selected, independent on their initial binding affinities. We are aware that in some scenarios, nonspecific binders may not be completely washed off and become background noise. Nevertheless, by optimizing washing stringency, the ratio of UV/non-UV CFU is significant enough and affords a high probability of identifying the hits binding to the target epitope. By this approach, in the case of IL-1β, one-third of the hits identified after two rounds of panning bound to the target epitope. All identified hits were cross-reactive with WT IL-1β. In comparison, none of the hits bound to the epitope using conventional panning methods (Supplementary Text) ([@R35]). Furthermore, the hits identified retain higher sequence diversity than those from conventional phage selection (fig. S23). This high sequence diversity is advantageous for downstream hit optimization and candidate selection.

To demonstrate the versatility of this approach, we performed epitope-directed antibody selection against another therapeutic target, hC5a. Once again, using a rationally designed Val^18^pBpa mutant, we identified hits binding to the target epitope. Another advantage of this method is that once the primary hit pool is obtained, it is compatible with current approaches for downstream affinity optimization ([@R35], [@R36]). After affinity optimization using a secondary phage library generated by random mutagenesis, we obtained a candidate antibody exhibiting high affinity and selectivity to the epitope, which helped to differentiate its binding to hC5a from hC5 and gain species cross-reactivity by design.

Last, this method could be more advantageous when the target epitope resides in a transmembrane protein, such as an ion channel or G protein--coupled receptor (GPCR), which is a very important but challenging therapeutic target class ([@R37], [@R38]). In these cases, the antigen with active conformation is difficult to isolate from the cell membrane. Therefore, phage panning against the antigen on the cell surface is usually required, which is technically difficult. The rate of success is extremely low to identify hits binding to cell surface antigens due to high background of nonspecific binders, not to mention identifying the hits binding to the target epitopes. In future, we plan to apply our epitope-directed panning method on transmembrane protein targets to take advantage of enhanced signal-to-noise ratio through UV-activated cross-linking.

MATERIALS AND METHODS
=====================

All procedures using mice were reviewed and approved by the Laboratory Animal Center of Institute of Biophysics, Chinese Academy of Sciences (CAS), and were performed using protocols in accordance with the relevant guidelines and regulations.

All statistical analyses were performed using GraphPad Prism, and data were averaged across subjects and tested for significance by paired-sample *t* test. Bar height denotes the mean average of sample-specific relative affinity values, and values are plotted as means ± SEM from two repeats.

Construction of plasmids of WT hIL-1β, hC5a, and their mutants
--------------------------------------------------------------

The Gibson assembly method was applied to quickly generate all plasmids of this work ([@R39]). The open reading frames of human *IL-1*β and *C5a* genes fused with a 6× histidine at the C terminus were amplified from pUC57--IL-1β and pUC57-hC5a (generated by DNA synthesis) with primers IL-1β--WT--F/R and hC5a-WT-F/R (Supplementary Text), respectively, and inserted into the linearized pET28a vector (Novagen, 69864-3) (digested with *Nco* I and *Nhe* I) by Gibson assembly. Site-directed mutagenesis was performed to generate plasmids pET28a--IL-1β--2TAG, pET28a--IL-1β--7TAG, pET28a--IL-1β--63TAG, pET28a--IL-1β--64TAG, pET28a--IL-1β--65TAG, pET28a--IL-1β--66TAG, and pET28a-hC5a-18TAG using the Hieff Clone Plus One Step Cloning Kit (Yeasen Biotech, 10911) according to the manufacturer's protocol. These plasmids were used to express IL-1β and hC5a mutants incorporated with pBpa (J&K Scientific, 204322, CAS104504-45-2) (Supplementary Text). The same method was applied to the construction of pET28a--IL-1β--2Ala, pET28a--IL-1β--7Ala, pET28a--IL-1β--63Ala, pET28a--IL-1β--64Ala, pET28a--IL-1β--65Ala, pET28a--IL-1β--66Ala, pET28a--IL-1β--63-66Ala, pET28a-hC5a-18Ala, pET28a-hC5a-19Ala, and pET28a-hC5a-18-19Ala, which was used to express alanine mutants of IL-1β and hC5a (Supplementary Text).

Expression and purification of hIL-1β, hC5a, and their mutants
--------------------------------------------------------------

To overexpress IL-1β or hC5a WT and alanine mutants, an overnight culture of BL21 (DE3) *E. coli* was transformed with the corresponding plasmid in the pET28a vector and was diluted 100-fold into 1 liter of 2× YT medium supplemented with kanamycin (50 μg/ml) at 37°C. The cells were cultured for 3 to 5 hours when the OD~600~ (optical density at 600 nm) reached 0.6, and 0.5 mM isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG) was added to induce expression at 30°C at 220 rpm overnight. To overexpress pBpa incorporated mutants of hIL-1β and hC5a, an overnight culture of BL21 (DE3) *E. coli* cotransformed with pEVOL-pBpaRS and the corresponding plasmid containing the amber codon were cultured in 1 liter of 2× YT medium supplemented with kanamycin (50 μg/ml) and chloromycetin (25 μg/ml). The cells were allowed to grow for 3 to 5 hours when the OD~600~ reached 0.6, and 0.5 mM IPTG, 1 mM pBpa, and 0.2% [l]{.smallcaps}-arabinose (m/v) in final concentration were added to express pBpa incorporated proteins. The cells were grown for an additional 30 hours at 30°C at 220 rpm overnight before harvesting by centrifugation at 6000*g* for 10 min. The cell pellet was lysed by sonication, and the resulting cell lysate was clarified by centrifugation at 13,000*g* for 30 min at 4°C. IL-1β or hC5a WT and mutants were purified on Ni-NTA resin (GenScript, L00250) following the manufacturer's instructions. Then, the proteins were further purified through SEC in DPBS buffer. Briefly, the protein sample after Ni-NTA chromatography purification was loaded on a Superdex 75 10/300 GL column (GE Healthcare) and eluted with DPBS. The absorbance at 280 nm was recorded and plotted as a function of elution time. The major peak was collected for downstream characterization and studies.

Construction of expression plasmids of full-length IgG and scFv-fc fusions
--------------------------------------------------------------------------

The heavy and light chains of the corresponding antibody sequence were generated by DNA synthesis and overlap polymerase chain reaction amplification, which were then ligated into the linearized pFUSE expression vector (InvivoGen) by Gibson assembly method to afford pFUSE-HC and pFUSE-LC. The corresponding pFUSE-HC and pFUSE-LC plasmid pair was cotransformed into human embryonic kidney (HEK) 293F cells for expression. The scFv was generated by DNA synthesis using V~H~ and V~L~ of the corresponding antibody sequence and fused with human immunoglobulin G1 (IgG1) Fc by a glycine-serine linker and ligated into the linearized pFUSE expression vector. The sequences of all plasmids were confirmed by DNA sequencing (GENEWIZ) (Supplementary Text).

Expression and purification of IgG antibodies and scFv-Fc fusion proteins
-------------------------------------------------------------------------

The genes containing the heavy and light chains of the IgGs or scFv-Fc fusions were expressed by transient transfection in HEK 293F cells (Thermo Fisher Scientific, R79007). The HEK 293F cells were cultured in shaker flasks containing FreeStyle medium (Thermo Fisher Scientific, 12338026) and shaken at 125 rpm at 37°C, with 5% CO~2~. HEK 293F cells were grown up to a density of 2 × 10^6^ cells/ml and were transfected with the light chain/heavy chain plasmids or scFv-Fc fusion plasmids and 293Fectin at a ratio of 1:2:6 or 1:2 following the manufacturer's instructions. The expression media were harvested and sterile-filtered twice every 48 hours after transfection to collect the secreted proteins. The antibodies or scFv-Fc fusion proteins were purified by protein A chromatography (GenScript, L00210) ([@R40]). Briefly, collected supernatant was loaded onto a protein A column twice, which was pre-equilibrated in DPBS. After washing with 10 column volumes of DPBS, the protein sample bound to the column was eluted with elution buffer (0.1 M glycine, 0.1 M NaCl, pH 2.7). Immediately after elution, tris-HCl (100 mM final concentration) was added to adjust the pH to 7.4. The eluted protein was then concentrated using Amicon centrifugal filters (Millipore) and exchanged into DPBS (pH 7.4). Then, the proteins were further purified through SEC.

Molecular weight determination by ESI Q-TOF
-------------------------------------------

MS analysis of proteins was performed on an Agilent 6530 ESI quadrupole time-of-flight (Q-TOF) mass spectrometer ([@R41]). Briefly, liquid chromatography (LC)--MS analysis was performed using an Agilent Q-TOF mass spectrometer in line with an Agilent 1290 HPLC system. Five microliters of protein (about 1 μg/μl) was loaded onto a reversed-phase column (300SB-C8, 2.1 mm × 50 mm, 3.5-μm particle) (Agilent Technologies, Santa Clara, CA). The sample was then eluted over a gradient (2% B for 2 min to waste, 2 to 50% B for 6 min, 50 to 90% B for 4 min, 90% B for 4 min, and then decreased to 2% B for 1.1 min, where B is 100% acetonitrile, 0.1% formic acid and A is water with 0.1% formic acid) at a flow rate of 0.2 ml/min and introduced online into the Q-TOF mass spectrometer using electrospray ionization. MS data were analyzed by MassHunter qualitative software with Biocom firm workflow.

Enzyme-linked immunosorbent assay
---------------------------------

Protein sample (0.1 μg) in 100 μl of DPBS was coated on a 96-well plate (Corning Costar, 2592) at 4°C overnight. The plate was blocked with 200 μl of 3% non-fat milk solution in DPBST (DPBS, 0.25% Tween 20) for 2 hours at 37°C. Samples (first antibodies or phages) were incubated with 3% non-fat milk in DPBST for 2 hours at 37°C. Wells were washed four times with 200 μl of DPBST. Subsequently, horseradish peroxidase (HRP)--conjugated secondary antibody was added at a dilution in blocking solution and incubated for 1 hour at 37°C. Wells were then washed five times with 200 μl of DPBST. A 100-μl working solution of QuantaBlu (Thermo Fisher Scientific, 15169) or trimethylboron (TMB; Invitrogen, 002023) was added to each well and incubated for 10 to 30 min at room temperature before plates were read ([@R42]).

Western blot analysis
---------------------

Samples were subjected to SDS-PAGE on polyacrylamide gels. After electrophoresis, proteins were stained with Coomassie brilliant blue and transferred onto polyvinylidene difluoride filter membrane (Bio-Rad, 1620177) for Western blot analysis. The membranes were blocked with 10 ml of blocking solution (5% non-fat milk in DPBST) for 2 hours and then incubated at room temperature for 2 hours with first antibody in blocking solution. Membranes were washed three times in DPBST, then incubated at room temperature for 1 hour with 1:5000 dilute secondary antibody conjugated with HRP in DPBST in blocking solution, and finally washed with DPBST. Signals were generated by using enhanced chemiluminescence (ECL) reagent (Thermo Fisher Scientific, 35055) and detected with a Tanon 5200 system.

Construction of phage display library
-------------------------------------

Phage display libraries were constructed using the published methods ([@R27], [@R28]). Briefly, to construct a human naïve phage library, white blood cells from healthy donors were isolated by sucrose density centrifuge, and their total RNA was extracted (QIAGEN, 74104) and reverse-transcribed into complementary DNA (cDNA) library. To construct a mouse immunization library, Balb/c mice were immunized by WT IL-1β or hC5a for three times with 2-week intervals. Total RNA from mouse spleen was extracted 2 weeks after the third immunization and used as the template for reverse transcription to construct cDNA library. The cDNA libraries were then used as templates to generate scFv phage display library using the phagemid vector pSEXRTL2. The libraries were packaged into scFv-pIII phages using hyperphage M13KO7Δ pIII (PROGEN, catalog no, PRHYPE).

Phage production
----------------

*E. coli* (XL1-Blue) carrying the phagemids were inoculated in 20 ml of 2× YT medium with ampicillin (100 μg/ml) and tetracycline (15 μg/ml; no glucose) and cultured at 37°C, 220 rpm until OD~600~ reached 0.5. Twenty multiplicity of infection (MOI) hyperphages were added to infect cells at 37°C, 120 rpm for 1 hour. The infected cells were spun down and cultured in 40 ml of 2× YT medium with ampicillin (100 μg/ml), tetracycline (15 μg/ml), and kanamycin (50 μg/ml) at 30°C, 260 rpm for 13 hours.

The culture was centrifuged at 4000*g* for 10 min to pellet down cells. Clear supernatant was transferred to a new tube and centrifuged at 10,000*g* for 20 min. The 5× phage precipitating buffer \[polyethylene glycol, molecular weight 800 (PEG 8000)/NaCl: 100 g of PEG 8000, 73.3 g of NaCl, ddH~2~O added to 500 ml\] was added and incubated on ice for 4 hours. Phages were harvested by centrifugation at 10,000*g* at 4°C for 20 min and resolubilized by adding 1 ml of DPBS and incubated for 15 min at room temperature. The centrifugation and solubilization steps were repeated one more time to collect phage solution in 500 μl of DPBS.

Epitope-directed phage panning
------------------------------

The pBpa incorporated mutant or WT proteins were diluted to 0.1 μg per well in 100 μl of DPBS in a 96-well plate and incubated at 4°C overnight. Wells were blocked with 200 μl of blocking solution (3% non-fat milk in DPBST) at 37°C for 2 hours after washing with DPBST twice. After aspirating the wells, phages in 100 μl of blocking solution were added in each well and incubated at 37°C for 2 hours. The wells were aspirated and 100 μl of DPBS was added in each well. The wells with non-UV treatment were plated on ice at 4°C for 15 min, and the wells with UV treatment were plated on ice at 4°C and irradiated with UV light from a 6-W, 365-nm light (CBIO Science and Technology, CBIO-UV2A) for 15 min. The wells were aspirated and then washed sequentially with 200 μl of DPBST, 200 μl of competitive buffer (WT protein, 100 μg/ml in DPBST), 200 μl of acidic buffer (300 mM NaCl, 3% Tween 20, 100 mM glycine, pH 2.0), and DPBST for three times. After washing steps, 105 μl of trypsin (1.75 μg/ml) was added in each well to digest for 15 min at room temperature to release phages from the cross-linked phage-antigen complex. The collected phages from each well were incubated with 3 ml of *E. coli* XL1-Blue at OD~600~ ≈ 0.5 for 1 hour to infect cells. Ten microliters of bacteria culture was then used in titer count on a 100-mm 2× YT solid medium plate with ampicillin/tetracycline/10% glucose (m/v) and incubated at 37°C overnight, and the rest of the culture was plated on a large square ampicillin/tetracycline/glucose plate and incubated at 37°C overnight.
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